Abstract l-glutamine-grafted multi-walled carbon carboxylic acid nanotube (denoted as l-Gl-MWCNT) and polyimide-matrix l-Gl/MWCNT (l-Gl-MWCNT/ PI) were prepared by in situ polymerization and solution-blending processes. The functionalization process was one-pot, fast, and simple, and resulted in a high degree of functionalization as well as dispersibility in organic solvents. The resulting materials were characterized by Fourier transform infrared spectroscopy, thermogravimetric analysis, X-ray diffraction, high-resolution transmission electron microscopy, and field-emission scanning electron microscopy. According to the microscopic characterizations, the MWCNTs are homogeneously dispersed in the composites. The thermal stability of the films containing Gl-MWCNTs was improved as the nanotube content increased from 5 to 15 wt% due to the improved interfacial interaction between the PI matrix and surface-modified MWCNTs.
Introduction
High-performance/high-temperature polymers are characterized by their excellent balance of thermal and mechanical properties which makes them useful materials for engineering applications. Modification of the polymers physical properties as well as the implementation of new features in the polymer matrix was carried out by the addition of inorganic spherical nanoparticles to polymers. Over the past two decades, materials and structures with geometric dimensions of less than 100 nm (nanomaterial) have gained more attraction for chemistry and pharmaceuticals, such as synthesis of organic compounds, health, medical, or food technology [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
In 1991, existence of carbon nanotubes opened new advancement paths of the interdisciplinary sciences, because these compounds have a unique atomic structure and a very high aspect ratio [11] . The chemical and thermal stability, electronic properties, high tensile strength, flexibility, adsorption, and ultra-light weight are the main features of multi-walled carbon nanotubes (MWCNTs). These materials offer a plethora of application potential in many different branches of science [12] [13] [14] [15] . Also, different ways of MWCNT synthesis due to its application in electromagnetic shielding (EMI), sensors, electrostatic charge dissipation (ESD), flame retardancy, wind turbine blades, photovoltaic packaging, electrically conducting cables were reported [16] . However, carbon nanotubes (CNTs) due to these properties are one of the best aforesaid catalyst supports and be making them ideal reinforcing fibers in nanocomposites [12] . These compounds have been used in the production of polymer nanocomposites [13] . Due to the dimensions of carbon nanofibers (CNFs) (between 50 and 200 nm) [17] , these compounds are similar to those of singlewalled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) [18] .
In this contribution in order to achieve fine dispersion of carboxyl-functionalized multi-walled CNTs (MWCNTs), we attempted to prepare MWCNT/PI composites using in situ polymerization approach (i.e., solution-casting followed by subsequent imidization).
Experimental Materials
All materials and solvents were purchased either from Aldrich Chemical Co. (Milwaukee, WI), Merck or Fluka (Germany).
Characterization
Fourier transform infrared (FTIR) spectra of the samples were recorded on a Bomem MB-Series 1998 FTIR spectrophotometer (Quebec, Canada) at a resolution of 4 cm −1
. The samples were examined as a disk, grinded together with potassium bromide (KBr) salt. The morphology of the MWCNTs and the dispersion morphology of the MWCNTs on the PI matrix were observed using field-emission scanning electron microscopy (FESEM). The images were taken at 15 kV using a HITACHI S-4160 instrument (Tokyo, Japan). Transmission electron microscopy (TEM) images were obtained using a Philips CM 120 microscope (Netherlands) with an accelerating voltage of 100 kV. For TEM studies, ultra-thin sections (30-80 nm) of the composites were prepared using Leica Ultramicrotome. Branson S3200 (50 kHz, 1 3 
Synthesis of polyamic acid (PAA)
0.3 g of benzidine diamine and 0.355 g of 1,2,4,5-benzene tetracarboxylic dianhydride were mixed in 5 mL N,N-dimethyl formamide (DMF) as solvent at room temperature. The reaction mixture was stirred for 6 h by a mechanical stirrer at this temperature (Scheme 1).
Synthesis of Gl-MWCNTs
0.6 g of MWCNTs-CO 2 H, 6 g of l-glutamine, 3 g N,N-dicyclohexylcarbodiimide (DCC), and 1.8 g 4-dimethyl aminopyridine (DMAP) were mixed in the 60 mL DMF. The mixture was placed in a beaker and stirred under ultrasonication for 2 h at room temperature to reach a homogenous suspension. Then this mixture was refluxed at 100 °C for 4 days. The crude mixture was washed with ethanol and distilled water. At the end, the product was kept at 80 °C for 8 h. The black product was characterized by FTIR, TG, FESEM, TEM, and XRD spectra (Scheme 2). 
Synthesis of l-Gl-MWCNT/Polyimide (l-Gl-MWCNT/PI)
The l-Gl-MWCNT/PI composite films were prepared by solution-casting method under three steps.
1. In a typical process, a certain amount of benzidine diamine and 1,2,4,5-benzene tetracarboxylic dianhydride was dissolved in DMF completely with stirring until the PAA solution was obtained. 2. Separately, 3 mL of DMF and the appropriate amount (from 5 to 15 wt%) of l-Gl-MWCNT were placed in a beaker and stirred under ultrasonication for 1 h at room temperature to reach a homogenous suspension. This beaker was added to the PAA mixture prepared above and further stirred for 12 h. 3. The composite films were prepared by coating 3 mL of the final mixture solution on a piece of 50 mm × 50 mm glass slide. The resultant tack-free films were dried in an oven in air atmosphere. The imidazation process was occurred in a heating program as follow: ramping from room temperature to 50 °C in 30 min, keeping at 50 °C for 90 min, then ramping from 50 to 80 °C in 1 h, and then from 80 to 100 °C in 2 h, keeping at 100 °C for 1 h. The product was synthesized by the following method (Scheme 3).
Results and discussion
The FTIR spectrum was used to analyze the chemical structure of samples. The FTIR spectra of the l-Gl-MWCNT (compound a), neat PI (compound b), l-Gl-MWCNT/PI with 5 wt% (compound c), 10 wt% (compound d), and 15 wt% (compound e) carbon nanotube are shown in Fig. 1 (C-O, weak) . Due to the presence of a carboxylic acid group on MWCNT-CO 2 H, all of the spectra of the FTIR, this group has in strong bonds with their absorption on 2500-3500 cm −1 . The spectrum of PAA (compound a) show that free OH stretching of CO 2 H group is very broad relative to other compounds because the carboxylic acid group is located next to the amide group and can form a hydrogen bond. The intense peak near 3100-3500 cm −1 may be attributed to NH stretching . Consequently, these data show that the imidazation process was not completed in a heating program.
The microstructure of the PAA and PI composites were studied by FESEM and TEM. Typical FESEM images of the PAA are presented in Fig. 2a . The neat PAA copolymer showed a spongy morphology. FESEM observation revealed that the PAA particles were self-organized into nanopatterns. As shown, the average diameter of polymeric particles was about less than 100 nm in more cases. By dispersing l-Gl-MWCNTs into the extremely diluted solution, the MWCNTs were observed to be several nanometers in diameter and several microns in length. FESEM observation ( Fig. 2b-d) shows a fine and homogeneous dispersion of l-Gl-MWCNTs throughout PI matrix, as an example, for the fractured surface of the composite film containing 5 wt% of MWCNTs, and no aggregation of MWCNTs is observed. In addition, an intimate adhesion of MWCNTs with the matrix, indicating good wettability between them, is clearly observed.
The morphology and tubular structure of MWCNT-COOH, l-Gl-MWCNT, and the composite containing 10 wt% of l-Gl-MWCNT were also observed using TEM. As shown in Fig. 3 (top) , the oxidation and amidation of MWCNTs did not deteriorate the structural integrity of MWCNTs. The sidewalls of MWCNTs-COOH were comparatively smooth and clean (Fig. 3, top) , while they became rough after functionalization (Fig. 3, down) . Compared to Fig. 3 (top, down) shows that the following amidation did not damage the CNTs. l-Gl-MWCNT specimens similarly were seen to have a high aspect ratio. Figure 4 , l-Gl-MWCNT/PI composite 10 wt%, shows that there was no observed deterioration in the homogeneously dispersed l-Gl-MWCNTs. It was clearly shown that the homogeneous behavior of MWCNT raised from the miscibility of the MWCNT within the PI chains is due to the strong interfacial interactions (non-covalent and hydrogen bonds) as well as the chemical compatibility between the PI matrix and the functionalized MWCNTs. Fig. 1 FTIR spectra of A compound a, B compound b, C compound c, D compound d, E compound e There are a handful of other characterization techniques of XRD elemental mapping for differentiating of l-Gl-MWCNT and PI compounds (Fig. 5) .
The prominent peak about can be attributed to reflection of carbon. The XRD pattern of l-Gl-MWCNT, as shown in Fig. 5a , shows a strong intensity at 2θ = 11.5°, 18°, 20.5°, 22.5°, 26 6° and a weak intensity at 44° of the graphite crystal structure [19] . Meanwhile, for polyimide samples, the crystalline peaks appeared at 2θ = 10.5°, 20.5°, 24.5°, 26° and 43° [19] . The XRD pattern of the polymer nanocomposite with 5% carbon nanotube is shown in Fig. 5c . In this sample, the crystalline peaks appeared at 2θ = 20.1°, 24°, 26.5° and 43.5° corresponding to reflections of PI [19] .
At the same composite with 10 wt% carbon nanotube, the crystalline peaks appeared at 2θ = 20.5°, 25.5°, and 43° (Fig. 5d) . Furthermore, in the sample E with the same composite but 15 wt% carbon nanotube, the crystalline peaks appeared at 2θ = 20°, 26° and 43.5° (Fig. 5e) . 
Thermogravimeric analysis (TGA)
TGA performed on numerous of polymer nanocomposite. These data show that many polymers filled with montmorillonite and carbon nanotubes exhibited improved thermal stability [20] . Therefore, in this study, the thermal behavior of MWCNTs-CO 2 H, l-Gl-MWCNT, PAA, and l-Gl-MWCNT/PI was studied using TGA technique. The result of thermograms is shown in Fig. 6 . However, the data obtained from them are reported in Table 1 .
l-Gl-MWCNT has a stable weight loss before of 200 °C in TGA under nitrogen atmosphere. It is related to the decomposition of organic moieties on the surface of a nanotube wall. However, 5% weight loss for carboxylated CNT is around 250 °C, and the weight loss was less than 500 °C, probably due to the decomposition temperature (T d ) of the amino acid group is in the range of 250-500 °C.
The TGA of the PAA exhibited the good thermal stability; the 5 and 10% of weight loss was 132 and 177 °C, respectively, and for the l-Gl-MWCNT/PI composites, these decomposition temperatures shifted toward higher temperatures as the amount of l-Gl-MWCNT was increased (Table 1 ). In Fig. 6 , the onset of T d of the l-Gl/MWCNT/PI composites was higher than that of pristine PI, and it shifted toward higher temperatures as the amount of l-Gl/MWCNT was increased. The T d of pristine PAA and the composites with increasing amount of l-Gl/MWCNT such as 0, 5, 10, and 15% were 105, 136, 139, and 147 °C, respectively. The T d of the composite with 15 wt% l-Gl/MWCNT exhibited a T d 42 °C higher than that of pristine polymer. By comparing the obtained results from thermal testing with some of the previously reported l-Gl/MWCNT/PI composites [21] [22] [23] , it can be concluded that the thermal and mechanical stability of the prepared composited was significantly improved. The end temperature of decomposition was also increasing. The highest thermal decomposition temperature of 650 °C can be achieved. Therefore, it could be verified that a small amount of MWCNT acted as effective thermal degradation resistant reinforcement in the PI matrix, increasing the thermal stability of the l-Gl-MWCNT/PI composites. 
Conclusion
In this study, l-Gl-MWCNT/PI nanocomposites (from 5 to 15 wt%) have been successfully synthesized in high purity from readily available reagents. In the next step, new classes of the l-Gl-MWCNT and l-Gl-MWCNT/PI hybrid composite films have been fabricated by in situ polymerization and solution-blending processes. CNTs remained structurally intact during preparation process and under subsequent workup conditions. A homogeneous dispersion of MWCNTs in the l-glutamine matrix was visually confirmed by detailed microscopic observations. The presence of l-Gl-MWCNT in the polymer matrix increased the thermal stability and reduced the thermal deformation of the polymer. The thermal stiffness effect of the composites was clearly demonstrated. The approach can be broadly used for the fabrication of the composites with better alignment and much higher volume fraction of nanofillers. By comparing the obtained results from thermal testing with some of the previously reported CNT/PI composites [21] [22] [23] , it can be concluded that the thermal stability of the prepared composited was significantly improved. This study confirmed that the thermal and morphological properties of the composites are strongly dependent on the uniform dispersion of CNTs and the interactions between CNT and PI, which can be improved by using of modified CNT and the introduction of several functional groups in the polymer's chains.
